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Available online 9 March 2016The goal of this study is the assessment of the future evolution of monthly temperature and precipitation and
their inﬂuences exerted on droughts occurring in the Bârlad river basin (Eastern Romania).We have used recent
results of experiments based on regional and global climate models under the Representative Concentration
Pathway (RCPs) scenarios (RCP 4.5 and RCP 8.5), which have been made accessible thanks to the EURO-
CORDEX initiative. The impact of climate change on drought is assessed by using the Palmer Drought Severity
Index (PDSI). The correlations between the observed streamﬂow at the Bârlad basin outlet and the PDSI-
related indices show that the PDSI represents reasonably well the local water balance. The linear trend analysis
of multimodel ensemble means reveals that, under climate change, the basin-averaged PDSI will be lower thus
indicating a tendence towards drought. The PDSI method applied to the Bârlad basin seems to show low sensi-
tivity to soil characteristics such as available water capacity when drought trends are investigated. On the
other hand, model results reveal that, under climate change conditions, the Thornthwaite formula for calculating
the potential evapotranspirationwill lead to a substantial overestimation of the aridity tendence whenever com-
pared with the Penman–Monteith approach. Depending on the speciﬁc climate scenario and parametrization of
potential evapotranspiration, droughts thatwere deemedas incipient,mild or severe towards the end of the 20th
century will have been a normal feature towards the end of the 21st century.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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The Bârlad catchment covers 16% of the Siret river basin— an impor-
tant tributary of the Danube (Fig. 1). The main characteristic is the high
homogeneity of the landforms, over 92% of the area illustrating the
plateau morpho-structural unit. As a consequence, the mean elevation
is of only 211 m, with a low standard deviation (88 m). A relative
large area (45%) is characterized by low slopes. Usually, the snowmelt-
ing and the rain provide the main supply for the surface waters in the
Bârlad river catchment (Ujvari, 1972; Butelcă, 2012). In this context,
the assessments of inﬂuences expected from changes in temperature
and precipitation on the local water resources are important.eteorological Administration),
. Dascălu),
u@meteoromania.ro,
mania.ro (M.-V. Birsan),
ntilă), mj.adler@hidro.ro
a.mic@hidro.ro (R.-P. Mic).
. This is an open access article underClimate impact assessments and local adaptation strategies require
analysis based on numerical experiments using climate models with
very high spatial resolution under scenarios of global climate change,
and robust evaluation of the results within the limits of reasonable
uncertainty. For now, no detailed analysis of climate change projections
in the Bârlad basin has been done, taking into account the new scenarios
assessed within the Fifth Report of the Intergovernmental Panel on
Climate Change (IPCC, 2013). The main purpose of this study is the as-
sessment of the current and future climate conditions that will affect
the droughts in the Bârlad basin by using recent results made available
thanks to the European component of theCOordinated Regional Climate
Downscaling Experiment (EURO-CORDEX) program (Jacob et al., 2014).
These results are based on regional climate experiments under the
Representative Concentration Pathway (RCPs) scenarios (van Vuuren
et al., 2011).
We use here the Palmer Drought Severity Index (PDSI) to analyze
the droughts (Palmer, 1965). The observations of soil moisture (directly
related to droughts) are limited in space and time. Therefore, the use of
available data to build soil moisture-related indices is a pragmatic ap-
proach. On the other hand, in the climate models, errors in initializingthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Location of the Bârlad catchment (dark gray area). Contour lines illustrate the Romanian hydrographic basins. Gray shades represent the topography.
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prediction and projections. In this context, the PDSI provides a simple
tool having the advantage to keep the drought metric close to the real
world through the combination of climate variables easily available
from the observation system, which are also relatively well simulated
by the climate models (such as air temperature and precipitation).
2. Data and methods
In this study we have used monthly temperature and precipitation
from observations and model results covering the Bârlad basin (which
has the outlet at Tecuci gauging station). The results of the climate
model used here have been derived under the RCP scenarios. The RCP
scenarios describe temporal evolutions in the global concentrations of
the greenhouse gases (GHGs) illustrating the radiative forcing within
the period 2006–2100. For instance, the radiative forcing caused by in-
creased levels of the GHGs reaches in the year 2100 a value around
4.5 (8.5) W/m2 above the pre-industrial level in the RCP 4.5 (RCP 8.5)
scenario (van Vuuren et al., 2011).
The recent CMIP5 results have a global coverage with horizontal
resolutions of about 100 km, which are suitable for global andTable 1
Regional and global climatic models used for assessing the inﬂuence of climate change on the
No. Regional climatic modeling center
1 CLMcom
(CLMcom Consortium)
2 DMI
(Danish Meteorological Institute)
3 KNMI
(Royal Netherlands Meteorological Institute)
4 MPI-CSC
(Max-Planck Institute — Climate Service Center, Hamburg, Germ
5 SMHI
(Swedish Meteorological and Hydrological Institute)continental scale analysis. However, these resolutions are not appropri-
ate for detailed characterization of the local processes like those taking
place in river catchments such as the Bârlad basin. Therefore we use re-
gional climate models from the COordinated Regional Climate
Downscaling Experiment (CORDEX) driven by global models from the
CMIP5. As part of CORDEX framework, EURO-CORDEX initiative pro-
vides regional climate projections for Europe at horizontal resolutions
of around 50 km (EUR-44) and 12.5 km (EUR-11). In this study, we
have extracted the available EURO-CORDEX results having very high
resolution (EUR-11). Table 1 presents the regional and global climate
models analyzed here.
A Romanian gridded dataset (ROCADA) provides observations of air
temperature and precipitation amounts with a horizontal resolution of
10 km (Birsan and Dumitrescu, 2014a; Dumitrescu and Birsan, 2015).
In our area of interest there are 5 meteorological stations but the inter-
polation method of kriging in space and time uses data from a larger
number of locations, some of them are located nearby the edges of the
Bârlad basin (about 12 stations).
We have spatially averaged the observed and simulated data across
the basin of the Bârlad River and then compared them to validate the
results from the models for the present time's climate (1971–2000).future evolution of temperature and precipitation in the Bârlad basin.
Regional model Global model
CLM 4-8-17 MPI-ESM-LR
HIRHAM5 ICHEC-EC-EARTH
RACMO22E ICHEC-EC-EARTH
any)
REMO2009 MPI-ESM-LR
RCA4 ICHEC-EC-EARTH
Fig. 2.Observed and simulatedmultiannual means (1971–2000) of monthly temperature
(in °C) averaged over the Bârlad basin. Simulated values are from the 5-member ensemble
mean of the EURO-CORDEX runs and the 2-member ensemble mean of the CMIP5 runs
presented in Table 1. The gray band illustrates the intermodel variability of multiannual
temperature means (1971–2000) from the EURO-CORDEX numerical experiments used
here.
94 S.I. Dascălu et al. / Catena 141 (2016) 92–99The analysis of thepresent time's climate and future projections is based
on the multiannual monthly means of the periods 1971–2000, 2021–
2050 and 2071–2100.
The impact of the air temperature and precipitation exerted on the
droughts affecting the Bârlad basin under climate change is investigated
by computing the Palmer Drought Severity Index (PDSI). Palmer (1965)
calibrated his index using data from 9 stations located mainly in the
North-AmericanMid-West region raising the issue of the PDSI behavior
at various locations. Wells et al. (2004) developed a self-calibrated
version of PDSI that automatically calibrates the behavior of the index
at any location by replacing empirical constants in the index computa-
tion with dynamically calculated values.
The National Oceanic and Atmospheric Administration (NOAA, USA)
provides on their web site (http://www.esrl.noaa.gov/psd/) monthly
values of PDSI with global coverage. Details about deriving these
datasets are presented inDai et al. (2004). Jacobi et al. (2013) developed
a MATLAB tool to compute the PDSI and Ficklin et al. (2015) presented
an addition to this tool that includes an option to use the Penman–
Monteith evapotranspiration as an input to the PDSI calculations. We
used here the self-calibrated PDSI and code of Wells et al. (2004) mod-
iﬁed to include either Thornthwaite or Penman–Monteith potential
evapotranspiration.
Another issue discussed in the literature is the choice of the baseline
period to deﬁne and calibrate the PDSI moisture categories (e.g.
Trenberth et al., 2014). We selected as a baseline the reference period
1971–2000 for the present time's climate which seems to be a natural
choice as the common period of the analyzed CMIP5 and EURO-
CORDEX experiments, under current climate forcing, starts on the 1st
of January 1971 and lasts until the 31st December 2005. On the other
hand, the 30-year period is also appropriate from the standpoint of
the availability of streamﬂow observations.
The 5-member ensemble means of monthly temperature and
precipitation amounts from the EURO-CORDEX models provide the
input data for the PDSI calculation (Table 1). We consider the use of
ensemble means in PDSI computation a reasonable choice due to the
low-frequency variability involved in the drought-related processes
and our interest in the climate change signal.
In addition to air temperature and precipitation, in the PDSI compu-
tation we have also used the available water capacities (AWCs) of the
soils from the analyzed river basin. In order to assess the sensitivity of
the basin-averaged PDSI to the AWC values we have derived two AWC
datasets. One consists of estimated topsoil and subsoil AWC values ex-
tracted from the European Soil Database (ESDB) (Panagos et al., 2012;
Hiederer, 2013a,b) for the studied area. In this case, we have spatially
averaged the sum of topsoil and subsoil AWCs from the ESDB on the
12.5 km by 12.5 km square cells centered in the model grids to provide
the soil constants used as input data for the PDSI calculation in each
EURO-CORDEX grid point of the Bârlad basin.
The other AWC dataset is computed using several pedotransfer
rules, which have been developed at the Joint Research Centre (JRC) of
the European Commission based on the work of Thomasson (1995).
The pedotransfer rules have been applied in the 12.5 km EURO-
CORDEX grids to the data that characterize the soils covering the area
of the Bârlad basin. These input soil data have been made freely
available by JRC, from the Soil Geographical Database of Eurasia at the
scale 1:1,000,000 (SGDBE) version 4.0 (http://eusoils.jrc.ec.europa.eu/
esbn/SGDBE.html).
The PDSI calculation is based on the Palmer representation of hydro-
logical balance. The validity of this representation has been checked at
the basin scale by correlating the basin-averaged components of the
PDSI derived from observations – such as the moisture index, and
potential runoff – with the observed streamﬂow at the Tecuci station
(the basin outlet).
Finally, we have analyzed the linear trends of the basin-averaged
PDSI to assess the impact of the climate change on droughts under
medium and high RCP scenarios within the period 1971–2100. Theslope estimate of the linear trend is obtained with the nonparametric
Kendall–Theil method (also known as the Theil–Sen slope estimate),
which is less affected by non-normal data and outliers (Helsel and
Hirsch, 1992). Sensitivity of these results to the use of either
Thornthwaite formula (1948) or Penman–Monteith parametrization
(Penman, 1948; Monteith, 1981) has been investigated using the one
model out of the entire ensemblewith available potential evapotranspi-
ration (RCA4 driven by ICHEC-EC-EARTH). The computation of RCA4
potential evapotranspiration has followed the deﬁnition proposed by
FAO, which was derived from the Penman–Monteith method (Allen
et al., 1998; Samuelsson et al., 2015). We have extracted these values
from the EURO-CORDEX archive and use them instead of the
Thornthwaite's ones by modifying accordingly the C++ code of Wells
et al. (2004) for the self-calibrated computation of PDSI.
3. Results and discussion
3.1. Future regional projections of temperature and precipitation under RCP
4.5 and RCP 8.5 scenarios
In general, the multiannual seasonal cycle of the observed tempera-
ture averaged over the Bârlad basin is well simulated by the CMIP5 and
EURO-CORDEX models used here (Table 1), within the reference inter-
val 1971–2000.
However, there are clear underestimations in May and June and an
overestimation in August (Fig. 2). The underestimation of temperature
in May and June is a feature shared by 4 of the 5 regional models and
seems to be related to the poor representation of some local processes
in both regional and global climate models presented in Table 1. The
multimodel monthly averages are closer to the observed values
compared with the averages provided by any single model run from
the regional model ensemble. On the other hand, Fig. 2 shows improve-
ments in the simulation of the winter temperatures revealed by the
ensemble means of the regional numerical experiments as compared
with the ensemble means of the driving global runs. Furthermore, the
general deﬁciency of underestimating the temperatures in May and
June is slightly reduced in the case of the ensemblemeans of the region-
al numerical experiments (Fig. 2).
In the case of precipitation, the results of numerical experiments
generally show overestimated values in the winter, autumn, and spring
seasons, and underestimated values during the summer as compared
with observations within the reference interval 1971–2000 (Fig. 3).
Fig. 3.Observed and simulatedmultiannual means (1971–2000) of monthly precipitation
amounts(in mm) averaged over the Bârlad basin. Simulated values are from the 5-
member ensemble means of the EURO-CORDEX runs and the 2-member ensemble
means of the CMIP5 runs presented in Table 1. The gray band illustrates the intermodel
variability of multiannual precipitation means (1971–2000) from the EURO-CORDEX
numerical experiments used here.
Fig. 5.Mean monthly rainfall amount difference (mm) between the period 2071–2100
and 1971–2000, averaged over Bârlad river basin under RCP 8.5 scenario, from ﬁve
different RCMs (light gray-colored band), multimodel mean of RCM ensemble (black
line), and ensemble member RCA4 (gray line) (Table 1).
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solely simulate the observed annual cycle of the precipitation and the
use of the ensemblemeans brings the simulated values closer to the ob-
served ones. On the other hand, one could see some improvements
when using the ensemblemeans of regional runs. They simulate the an-
nual precipitation cycle closer to observations comparedwith the global
ensemble means. Exceptions in this regard are the months of July and
August (Fig. 3).
One may conclude that the multiannual temperature and precipita-
tion cycles provided by the RCMs resemble to some extent the observed
ones providing a certain level of conﬁdence for the analysis of precipita-
tion, temperature and related indices in the area of interests, under cli-
mate change scenarios. The temperature differences of multimodel
monthly means between the future periods (2021–2050 and 2071–
2100) and the reference one (1971–2000) reveal a stronger increase
in temperatures during the summer and winter seasons under both
RCP scenarios analyzed here. The increase in temperature is strongest
within the time interval 2071–2100 under the RCP 8.5 scenario. In win-
ter, the maximum temperature increase in the regional ensemble mean
reaches 4.9 °C and is detected in the month of January. As for the sum-
mer, the maximum temperature increase in the regional ensemble
mean (4.3 °C) is found in the month of August (Fig. 4).
In summer, under the RCP 4.5 scenario, the difference between the
evolutions of the ﬁrst and second future period is of an order of 1 °C,
while under the RCP 8.5 scenario the same difference is around 2 °C to
3 °C. From the second half of the 21st century, the analyzed scenarios in-
creasingly diverge in terms of global concentrations of greenhouse
gases, resulting in signiﬁcant differences in their associated radiative
forcing which lead to larger differences in the temperature increase.
The evolutions of the multiannual means of monthly precipitation
generally suggest a decrease from May to September under climateFig. 4.Mean monthly temperature difference (in °C) between the period 2071–2100 and
1971–2000, averaged over Bârlad river basin under RCP 8.5 scenario, from ﬁve different
RCMs (light gray-colored band), multimodel mean of RCM ensemble (black line), and
ensemble member RCA4 (gray line) (Table 1).change. This signal is stronger in the late 21st century under the condi-
tions of RCP 8.5 scenario (Fig. 5). In this case, the largest monthly de-
crease (in percent) of the ensemble mean of precipitation amount
occurs in September and is up to 13% for the interval 2071–2100. The
largest decrease in the ensemble mean expressed in mm/month is in
July and reaches around 6 mm for the interval 2071–2100 under the
RCP 8.5 scenario (Fig. 5).
3.2. Climate change impact on drought over the Bârlad basin
In this study we have used as a drought indicator the Palmer
Drought Severity Index (PDSI), which measures the cumulative effect
of monthly precipitation deﬁcit/surplus with respect to a value which
is Climatologically Appropriate For Existing Conditions (CAFEC) in a
given region (Palmer, 1965). The computation of the PDSI requires
precipitation, air temperature, soil characteristics (i.e. available water
capacity) and the latitude of the location to estimate the length of day
over which the solar radiation is received (for deriving potential evapo-
transpiration). In order to calculate the PDSI for a certain month (i), one
has ﬁrst to determine themoisture anomaly index ZINDi for that month
(i):
ZINDi ¼ k P–αPET–βPR–γPROþ δPLð Þ ð1Þ
PDSIi ¼ PDSIi1 þ ZINDi=3−0:103 PDSIi1 ð2Þ
where: k is an empirical weighting factor, speciﬁc for each region; α, β,
γ, and δ are coefﬁcients for evapotranspiration, soil water recharge,
runoff and water loss from the soil, computed to link the potential
quantities and real ones; P, PET, PR, PRO, and PL represent the observed
precipitation, Thornthwaite potential evapotranspiration (Thornthwaite,
1948), potential recharge, potential runoff and potential water loss from
the soil. Palmer (1965) built the index based on the simple representation
of the components shaping the hydrological balance in a given area.
Potential Evapotranspiration (PET) is the maximum evapotranspiration
in the given environmental conditions, when soil moisture is not a limit-
ing factor. Potential Recharge (PR) is the amount of moisture required to
bring the soil to its AWC from the available moisture at the beginning of
the month. Potential Run-Off (PRO) is deﬁned as the difference between
the potential precipitation and the potential recharge. Runoff is assumed
to occur if the Palmer soil model reaches its available moisture capacity,
AWC. Potential Loss (PL) is the amount of moisture that could be lost
from the soil provided that the monthly precipitation is zero (Palmer,
1965).
One can view the PDSI as the output of a two-level “bucket”model of
the soil. The top layer of soil is assumed to hold 25.4 mm of moisture.
The amount of moisture that can be held by the two-layered soil is a
soil-dependent value – available water capacity (AWC) – which must
be provided as an input parameter, too. The soil can hold more water
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has towork harder to drawmoisture out of the soil. The opposite condi-
tions occur for coarser particles (as in sandy soils): the soil holds less
moisture, but more water is available for plant. In a comprehensive re-
view, Thomasson (1995) noticed that AWC has been deﬁned for the
water held between two suctions in 1 m depth of soil (or other ﬁxed
depth), without concern about how this water can actually be available
through the root system. Thomasson introduced a characteristic that he
called “soil water available to plants (SWAP)” and deﬁned it as the total
amount of themoisture “that can be considered to be extractable by the
roots”. Despite this, AWC continues to be used in environmental model-
ing and assessment mainly due to measurement constraints (Wells
et al., 2004; Lal and Shukla, 2005).
In the studied area, we have used two datasets of AWCs to compute
the PDSI: (1) the sum of topsoil and subsoil AWCs (at 1 km × 1 km res-
olution) extracted from the European Soil Database (ESDB) (Hiederer,
2013a,b) and averaged over the 12.5 km × 12.5 km grid cells centered
in the model grids and (2) AWCs computed in EURO-CORDEX grid
points using pedotransfer rules (Thomasson, 1995; Baruth et al., 2006)
and soil characteristics from the Soil Geographical Database of Eurasia
at the scale 1:1,000,000 (SGDBE), which also includes local informationFig. 6. Available water capacities (AWCs) (in mm water column/1 m soil) in the Bârlad
basin computed in the 12.5 km EURO-CORDEX grids (black circles) using pedotransfer
rules and soil characteristcs, provided by the European Soil Data Centre (managed by
the JRC) from the Pedotransfer Rules Database (PTRDB) and the Soil Geographical Data-
base of Eurasia at the scale 1:1,000,000 (SGDBE) (Baruth et al., 2006) (black numbers).
Gray numbers illustrate AWCs obstained as the sum of topsoil and subsoil AWCs (at
1 km × 1 km resolution) extracted from the European Soil Database (ESDB) (Hiederer,
2013a,b) and averaged over the 12.5 km × 12.5 km grid cells centered in the model
grids. Light gray lines are the tributaries of the Bârlad River.on the presence of shallow impermeable layers (between the depths of
40 cm and 80 cm, in the area of interest) (Fig. 6). The pedotransfer rules
used here take into account a standardized soil depth (1 m or to an ob-
struction like an impermeable layer) and the water holds between
−5 kPa suction (ﬁeld capacity) and −1500 kPa suction (wilting
point). The second AWC dataset has generally lower values compared
with the ﬁrst one. This is reﬂected in the averages of the two AWC
datasets over the basin (152 and 171).
We have investigated the spatial variability of the PDSI using the
Empirical Orthogonal Function (EOF) decomposition of its gridded
values over the time. The ﬁrst EOF mode has a spatial pattern with the
same sign and almost the same magnitude for all grids within the
basin (not shown). This mode represents from 83% to 90% of data
variability (depending on the climate scenario and AWC dataset) so
we consider that the temporal analysis of the spatial-averaged PDSI
over the entire river catchment is a valid approach.
The averaged PDSIs over the Bârlad basin corresponding to the two
AWC datasets have been validated by correlating PDSI components
derived from observations such as the moisture index (ZIND) and
potential runoff (PRO) with the observed monthly means of the
streamﬂow (QMED) at Tecuci (the basin outlet). The correlation coefﬁ-
cients between the Palmer indices andQMED are almost the same in the
two cases. We illustrate here only the correlation coefﬁcients estimated
with the pedotransfer functions applied to local soil characteristics (the
second AWC dataset). Furthermore, we have correlated the difference
between precipitation and potential evapotranspiration with the
QMED.
Fig. 7 shows that the PDSI represents reasonably well the local pro-
cess taking place in the Bârlad catchment under current climate condi-
tions (1971–2000). The correlation coefﬁcients between the basin-
averaged ZIND derived from monthly observations and the monthly
mean of streamﬂow (QMED) at the basin outlet (Tecuci gauging sta-
tion) are statistically signiﬁcant at 95% conﬁdence level except for the
months of January and February. Strong correlation coefﬁcients (N0.7)
between the ZIND and the QMED are present in the summer months
(Figs. 7 and 8). Correlation coefﬁcients between the monthly PRO and
QMED at Tecuci are also statistically signiﬁcant (except for August)
with higher values from January to February (e.g. Figs. 7 and 9) and
from October to November.
In wintermonths, the observed soilmoisture and QMED aremore or
less decoupled from the precipitation despite what the Palmer model
indicates due to the processes related to snow falls, snow cover and fro-
zen soils, which are not included in the Palmer hydrological balance
(van der Schrier et al., 2007). In this case, the correlation coefﬁcients be-
tween the Palmermoisture anomaly (depending onmonthly precipita-
tion) and the QMED will be lower. Winter episodes with ice along the
river are also lowering the correlation which links the QMED and ZIND.Fig. 7. Correlation between monthly components of Palmer Drought Severity Index – soil
moisture index ZIND (gray line and diamond markers), potential runoff PRO (black line
and square markers), Precipitation minus Potential Evapotranspiration Precipitation P-
PET (black line and triangle markers) – computed from observations, and observed
mean monthly streamﬂow (Qmed) at the Tecuci gauging station. The analyzed interval
is 1971–2000. Signiﬁcant correlations at 95% conﬁdence level are above the dotted line.
Fig. 8. Time evolutions of observation-derived ZIND and QMED averaged over the Bârlad
basin, in the months of July within the period 1971–2000. The correlation coefﬁcient is
0.77.
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months of January and February of the period 1971–2000, when
correlation coefﬁcients between the PRO (ZIND) and QMED are high
(low), we recorded a multiannual mean number of days with snow
cover varying from 12 to 17 and a multiannual mean snow depth
from 5.5 cm to 7.4 cm per day with snow cover at the 4 stations within
the Bârlad basin. In winter, time intervals without snow cover could be
related to some extent to warmer and dryer conditions brought by
westerly atmospheric circulations (Bojariu and Giorgi, 2005; Bojariu
and Dinu, 2007; Birsan and Dumitrescu, 2014b; Dumitrescu and
Birsan, 2015). Thus the wintertime is often an alternation of relatively
warm and dry spells and cold and snowy episodes that makes possible
a correlation between the Palmer-deﬁned runoff and the runoff from
the (partially) melted snow, the latter being physically coupled with
the river ﬂow variability at the monthly time scales.
On the other hand, the low value of correlation coefﬁcients between
the PRO and QMED in August could be due to the poor inﬁltration of
water from convective rainfall into the soil which leads to underestima-
tion of the runoff in the Palmer model. Reverse conditions occur in the
spring and autumn months, when the inﬁltration into the soil of the
water from steady rains is more effective.
The correlation between the precipitation minus potential evapo-
transpiration and QMED is generally lower than that between the
ZIND and QMED showing the added value of the Palmer water balance
model on monthly scale (Fig. 7). We conclude that, in general, the PDSI
represents reasonably well drought-related processes within the Bârlad
basin. In this context, we could use the PDSI to assess the impact of
projections of temperature and precipitation on drought-related
conditions over the Bârlad catchment under climate change scenarios.
The input data for computing the PDSI future projections are the 5-
member ensemble means of monthly temperature and precipitation
from the EURO-CORDEXmodels driven by the CMIP5models presented
in Table 1.Fig. 9. Time evolutions of observation-derived PRO and QMED averaged over the Bârlad
basin, in the months of January within the period 1971–2000. The correlation coefﬁcient
is 0.66.The use of the ensemble means in the PDSI computation is a reason-
able choice due to long-range time scales and low frequency variability
which shape the drought trend. The linear trend analysis of the basin-
averaged PDSI shows statistically signiﬁcant tendences for drought
conditions within the period 1971–2100, over the Bârlad basin, for
both concentration scenarios analyzed here. As we have expected, the
slopes of the linear trends are larger for the higher concentration
scenario (RCP 8.5). The basin-averaged PDSI is reduced in summer
with about 5.1 (4.4) over the interval 1971–2100 under the RCP 8.5
(RCP 4.5) when the second AWC dataset is used. The conﬁdence limits
at 99% level are from−5.8 to−3.2. A 4-unit decrease in PDSI is consis-
tent with the transition from normal conditions to extreme drought
(Palmer, 1965). Downward PDSI trends are almost the same for the
two AWC datasets, with slope differences in tenth of a PDSI unit.
These differences are very small and not statistically signiﬁcant. The
PDSI method applied to the Bârlad basin seems to have low sensitivity
to the soil characteristics when drought trends are investigated.
An issuewhich addsmore uncertainties related to the assessment of
future drought tendences is theway in which potential evapotranspira-
tion is parametrized in the Palmer model. The water balance proposed
by Palmer uses the Thornthwaite parametrization, which is solely
based on the air temperature and the solar radiation contribution is
empirically derived under the current climate conditions. Under the
climate change, the Thornthwaite empirical approach is questionable
(e.g. Dai, 2011; Trenberth et al., 2014). The Penman–Monteith method
uses a more physically-oriented parametrization to estimate the
potential evaporation explicitly based on temperature, net radiation,
air pressure, air humidity andwinddata (Allen et al., 1998).Wehave in-
vestigated how the drought trends (expressed by the PDSI tendences)
change when the potential evapotranspiration is computed either by
the Thornthwaite or by the Penman–Monteith approach using the re-
sults from the onemodel out of the entire ensemble, whichhas available
data in this regard (RCM RCA4 driven by the GCM ICHEC-EC-EARTH).
Our results reveal that the PDSI which incorporates the Penman–
Monteith potential evapotranspiration show also a downward trend
in the summer months that is more pronounced in the last decades of
the 21st century and under the high concentration scenario. However,
the trend magnitude is signiﬁcantly reduced compared with the case
in which the Thornthwaite approach is used (Table 2) as in the study
of Dai (2011). In our case, the correlation coefﬁcients between the
Thornthwaite and Penman–Monteith potential evapotranspiration are
around 0.9 under both climate scenarios, consistent with the results of
van der Schrier et al. (2011). However, the Penman–Monteith values in-
crease slower than the Thornthwaite ones from1971 towards the endof
the 21st century, explaining the smaller magnitude of aridity tendences
revealed by the corresponding version of PDSI (Table 2). Almost all
trends of the basin-averaged PDSI and potential evapotranspiration
illustrated in Table 2 are statistically signiﬁcant, according to the
Mann–Kendall test (Mann, 1945; Kendall, 1975). The exception is in
the case of the PSDI version based on the Penman–Monteith potential
evapotranspiration under the moderate concentration scenario.
4. Conclusions
The regional modeling approach provides added value on the global
simulations, especially for the multiannual cycle of basin-averaged
temperature and precipitation computed as the ensemble means.
These results provide a certain level of conﬁdence when analyzing the
future evolution of the precipitation, temperature and related indices
in the Bârlad basin under climate change scenarios.
The analyzed concentration scenarios (RCP 4.5 and RCP 8.5) indicate
an increase in themultimodel average of temperature in allmonths, and
for both analyzed periods (2021–2050 and 2071–2100) as compared
with the reference interval (1971–2000). The increase is stronger in
the summer and winter seasons, under the scenario with the highest
value of the GHG concentrations towards the end of the 21st century.
Table 2
Changes in summer averaged PDSI (dimensionless units) and potential evapotranspiration (PET,mm/month) computed from linear trends using the Thornthwaite and Penman–Monteith
approaches applied to the results of RCA4 driven by ICHEC-EC-EARTH for the interval 1971–2100.
Approach Climate scenario PDSI change in 130 years PDSI change conﬁdence limits at 99% PET change in 130 years PET change conﬁdence limits at 99%
FAO Penman–Monteith RCP 4.5 −0.4 −2.1–1.2 11.7 −2.0–26.0
RCP 8.5 −1.9 −3.7 to−0.1 37.1 21.8–51.5
Thornthwaite RCP 4.5 −1.4 −2.8–0.0 18.4 9.9–27.6
RCP 8.5 −4.0 −5.6 to−2.5 44.9 34.4–55.3
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January multiannual value of the period 2071–2100 under the RCP 8.5
scenario. The highest increase in summer is 4.3 °C and is recorded for
the August multiannual value of the period 2071–2100, under the RCP
8.5 scenario. The precipitation change in the Bârlad basin occurs mostly
in the late 21st century (2071–2100), under both analyzed scenarios
(RCP 4.5 and RCP 8.5). As compared with the reference interval
(1971–2000), the largest monthly decrease in the ensemble mean of
precipitation occurs in September for the interval 2071–2100 and gets
up to 13% under the RCP 8.5 scenario.
The correlations between observed streamﬂow at the Bârlad basin
outlet and PDSI-related indices show that the PDSI represents
reasonably well the drought-related processes taking place in the
Bârlad catchment. This allows us to use the PDSI based on the basin-
averaged ensemble means of monthly temperature and precipitation
for the assessment of climate change impact on droughts in the area
of interest.
Generally, the linear trend analysis reveals that the basin-
averaged PDSI goes lower in summer showing an aridity tendence
over the Bârlad catchment under the climate change. In the Palmer
classiﬁcation, depending on the speciﬁc climate scenario and param-
etrization of the potential evapotranspiration, droughts that were
deemed as incipient, mild or severe towards the end of the 20th
century, will become a normal summer feature towards the end of
the 21st century.
The analysis of how the potential evapotranspiration parametriza-
tion affects the drought projections indicates that, under the climate
change conditions, the Thornthwaite approach will lead to signiﬁcant
overestimation of the aridity tendence compared with the Penman–
Monteith method.
On the other hand, downward PDSI trends are almost the same for
the two AWC datasets indicating that the PDSI method applied to the
Bârlad basin seems to show low sensitivity to soil characteristics when
the drought trends are investigated. However, this is only a glimpse in
the role of the soil when the drought variability and change are locally
assessed. In the context of a better soil moisture assimilation and im-
proved parametrization of the soil processes in the climate models, ap-
proaches integrating depth data of rooting zone – for all vegetation
classes covering the land, including crops along the seasons – would
also improve the representation of the local hydrological balance and
consequently the assessment of the climate change impact on the
regional droughts.
Our results show that, under the climate change, the tendence to-
wards more severe summer droughts is a signiﬁcant feature of the
Bârlad basin in the long run despite the uncertainties related to global
and regional models, parametrization of potential evapotranspiration
in the Palmer model and the soil data. This tendence is a result of a
basin-wide decrease in the precipitation and increase in the potential
evaporation, which have been also identiﬁed as causes for the summer
time drying in mid-latitudes in the CMIP 3 model results (Meehl et al.,
2007; Shefﬁeld and Wood, 2008).
We need more studies that couple the local climatic information
with their hydrologic impact in soil and atmosphere to limit the uncer-
tainties in the drought analysis and to provide the tools for the water
resource assessment, under the climate change conditions, in terms of
adaptation planning and sustainable development.Acknowledgments
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